Introduction
Because of its simple composition, vast availability in pure form and ease of processing, vitreous silica is often used as a model to study the physics of amorphous solids. In addition to basic science, many studies of amorphous silica are motivated by the fact that it finds widespread use in modern technology, a prominent example being as bulk material in transmissive and diffractive optics for high-power laser applications such as inertial confinement fusion (ICF) (1, 2) . In these applications, stability under highfluence laser irradiation is a key requirement (3), with optical breakdown occurring when the fluence of the beam is higher than the laser-induced damage threshold (LIDT) of the material (4) . Although optical breakdown in glass has been observed for many years, the exact mechanism causing damage remains uncertain. Surface optical breakdown (5) is accompanied by cratering, material ejection, melting and cracking (6) (7) (8) . Evidence of densification and formation of point defects in the damaged area was also recently documented (9) .
Fused silica is used to manufacture transmissive optics for ICF facilities because, of all candidate materials having suitable optical properties, it currently has the highest LIDT at 355 nm (10) . Moreover, there exists a vast body of knowledge on its processing (e.g. melting, grinding, polishing, etc.) and characterization. The development of ever more powerful ICF facilities such as the National Ignition Facility (NIF) in Livermore,
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California and the Laser Méga-Joule near Bordeaux, France provides an incentive for obtaining optical surfaces with even higher LIDT (2) .
It has been shown that successive irradiation of existing laser-induced damage sites causes catastrophic damage propagation at fluences lower than the original LIDT (11).
Such behavior must be triggered by enhanced coupling between light and the target, for instance due to the formation of micro-cracks at the damage site (12) . Propagation of damage in transmissive optics upon repetitive irradiation is currently the most important technological limit in the development of ICF facilities (2, 13).
The structure of most SiO 2 polymorphs, both crystalline and amorphous, is based on tetrahedral units of silicon coordinated to four oxygen atoms (14). At pressures above 7 gigapascals (GPa) the stable polymorph is stishovite, in which silicon is six-fold coordinated (15, 16). Correspondingly, in the 10-20 GPa pressure range, the coordination in glasses increases from 4 to 6 (17, 18). Similarly, the present study shows that under certain conditions laser-irradiated fused silica transforms into a highly defective form of the high-pressure stishovite phase, and this may be responsible for the catastrophic failure caused by repetitive irradiation of the glass.
Experimental procedure
Polished fused silica windows were damaged on the front surface with 8.4-ns (FWHM) laser pulses from a frequency tripled Nd:YAG laser (λ=355 nm) at a 10 Hz repetition rate. The laser spot had a Gaussian spatial profile. The 1/e 2 spot diameter was 1 mm. The material surrounding the damage site hole was an aggregate of sub-micron sized redeposited particles ( Fig. 1 ) and could be removed with a solvent leaving the pristine glass surface underneath. The redeposited material was collected from the surface and prepared for transmission electron microscopy (TEM) characterization (Fig. 2) (19).
Further characterization was performed by collecting the IR reflection spectrum of the redeposited material and comparing it to the spectra of an unirradiated surface, a pellet of synthetic stishovite and silica powder after compression at 43±3 GPa in a DAC ( Fig. 3) (20).
Results

1-TEM characterization
While the majority of the fragments found on the TEM grid were amorphous, some were crystalline. Figure 2 is the scanning TEM (STEM) image of a diffracting fragment, and distinct diffraction rings are clearly seen indicating the presence of small crystallites.
Besides silicon and oxygen, other species were present as contaminants: carbon from the carbon film on the grid, fluorine from the HF solution, copper from the TEM grid, and aluminum from the alumina slurry used to finish the optical surface. The relative amount of contamination varied widely within the sample. The spectrum shown in Fig. 2 is therefore not representative of the overall composition of the particle. The Si/O ratio could not be measured accurately, nevertheless the fragment was estimated to be nonstoichiometric by comparing its spectrum to a spectrum collected from an untransformed 6 glass fragment. The interplanar spacings obtained from the diffraction pattern are compared to those of crystalline stishovite in Table 1 . The agreement is good, within experimental accuracy. Furthermore, it must be noted that those spacings cannot be matched satisfactorily to alumina or to any of the known compound salts of aluminum and fluorine, in their anhydrous, hydroxylated or hydrated forms. The diffraction rings are weak and diffuse, indicating that the crystallites are likely to be defective. Moreover, the (100) reflection is normally forbidden for tetragonal stishovite, however a faint ring corresponding to the (100) spacing of stishovite is observed. This is further evidence that the crystals formed are highly defective. Finally, the width of the diffraction rings suggests that a substantial fraction of the crystal population is strained up to a few percent. The crystals seem therefore to contain both chemical (i.e. they are nonstoichiometric) and mechanical defects.
2-IR reflection spectra
The main features of the IR reflection spectrum of fused silica are indicated in Fig. 3 .
The material compressed in the DAC shows a peak at 1383 cm -1 and a broad band at 900 cm -1 . The 900 cm -1 band is due to dangling bonds created during compression and comminution (21). Birefringence in the sample due to shear stresses in the DAC causes the 1123 cm -1 glass peak to shift to shorter wavelength, giving rise to the 1383 cm The formation of particles smaller than the IR wavelength is responsible for this effect.
Because of its curvature, the entire surface of small particles is not irradiated at normal incidence. Berreman showed that at high incidence angles the LO component of the stretching mode is enhanced (26). A slight shift to lower wavenumbers of the LO component was also noted by Almeida (27) . Additional LO enhancement is also due to the electric field distribution in particle/matrix composites (28) . IR reflectance data confirm the presence of significant amounts of stishovite crystallites throughout the entire layer of redeposited material. Tetrahedral SiO 2 is also detected in the redeposited material. As it is rapidly quenched from high temperature and pressure, the glass is likely 8 to contain minute quantities of octahedrally-coordinated silicon (18) that are not detectable by IR spectroscopy. Analysis of the IR spectrum suggests thus that each grain of redeposited material contains stishovite micro-cystallites in a matrix of tetrahedral silica glass. The porosity of the diffracting particle after HF etching (Fig. 1) confirms this morphology.
Discussion
Laser-induced surface breakdown is accompanied by the formation of a plasma in front of the target surface. Since it forms during the pulse, the plasma absorbs the laser energy and shields the target surface (6, 8) . As a result, the pressure at the target is much lower than in the plasma. Energy is supplied to the plasma during the laser pulse (8.4 ns) when only limited expansion takes place. Therefore, initially the plasma is a hot, partially ionized (29) fluid of near-solid density. It is thus likely that the stishovite crystals form in the plasma during or shortly after the laser pulse, before the expansion causes a rapid decrease in density, temperature and pressure of the fluid. The pressure in the plasma must be greater than 7 GPa for stishovite to be stable (30) . In similar pressure conditions (e.g. shock loading) other crystalline SiO 2 polymorphs, quartz and cristobalite, were observed to form a tetrahedral diaplectic glass (31) (32) (33) and to transform into stishovite only when copper particles were added to the initial mixture in order to increase the thermal quenching rate (34). Here we show that stishovite crystals form under laser Energy dispersive X-ray spectra were acquired in scanning mode using a focused probe.
Probe positioning was facilitated using annular dark-field images acquired in scanning 
